ABSTRACT Many important agronomic traits, including cold stress resistance, are complex and controlled by quantitative trait loci (QTLs). Isolation of these QTLs will greatly benefit the agricultural industry but it is a challenging task. This study explored an integrated strategy by combining microarray with QTL-mapping in order to identify cold-tolerant QTLs from a cold-tolerant variety IL112 at early-seedling stage. All the early seedlings of IL112 survived normally for 9 d at 4-5°C, while Guichao2 (GC2), an indica cultivar, died after 4 d under the same conditions. Using the F 2:3 population derived from the progeny of GC2 and IL112, we identified seven QTLs for cold tolerance. Furthermore, we performed Affymetrix rice whole-genome array hybridization and obtained the expression profiles of IL112 and GC2 under both low-temperature and normal conditions. Four genes were selected as cold QTL-related candidates, based on microarray data mining and QTL-mapping. One candidate gene, LOC_Os07g22494, was shown to be highly associated with cold tolerance in a number of rice varieties and in the F 2:3 population, and its overexpression transgenic rice plants displayed strong tolerance to low temperature at early-seedling stage. The results indicated that overexpression of this gene (LOC_Os07g22494) could increase cold tolerance in rice seedlings. Therefore, this study provides a promising strategy for identifying candidate genes in defined QTL regions.
InTROdUCTIOn
Cold stress is one of the major constraints on rice (Oryza sativa L.) growth at the early-seedling stage. In south and south-east Asia, modern rice varieties cannot be planted in an estimated 7 million hectares of land because of lowtemperature stress (Sthapit et al., 1998) . Previous studies have identified several quantitative trait loci (QTLs) for cold tolerance at the early-seedling, seedling, and booting stages using doubled-haploid lines, the backcross population, or the F 2 population, respectively (Li et al., 1997; Qian et al., 1999; Takeuchi et al., 2001; Andaya et al., 2003; Liu et al., 2003; Andaya and Tai, 2006) . However, few genes related to these QTLs have been isolated because of their complex genetic basis. With the development of near-isogenic lines (NILs), a single genomic segment, containing the QTL in a relatively uniform genetic background, was identified, in which the molecular basis underlying allelic variation at the QTL was found to be similar to the identified variation for a simple Mendelian locus, namely alterations in gene expression or protein function (Paran and Zamir, 2003) . Using NILs, Saito et al. (1995, 2004, 2010 ) delimited a cold-tolerant QTL at booting stage to a 17-kb region, which contained two genes on chromosome 4 that encoded an F-box protein and a ser/ thr protein kinase. They further characterized the target gene (F-box protein gene) by transforming the rice. Fujino et al. (2008) identified a major QTL, qLTG3-1, which controlled lowtemperature germinability in rice.
Although genetic approaches are extremely powerful and unbiased, delimiting a QTL to a single gene is still a time-consuming and technically demanding process (Fridman et al., 2000 (Fridman et al., , 2004 . The increasing availability of genomic resources and rice whole-genome microarray analysis has provided additional information that has helped define the candidate genes. A transcriptomic analysis could provide a route to link genetic changes with phenotypes (from genotyping to phenotyping). Additionally, the whole-genome sequences of rice that have already been released could help researchers to compare the genome DNA differences between the two rice subspecies. By combining QTL-mapping with microarray analysis, Wanyne and McIntyre (2002) identified 34 candidate genes within a quantitative trait in Ovariole number. Baxter et al. (2005) used a similar strategy to localize the candidate genes to the mapped QTLs by comparing the gene expression changes of tomato fruit in the introgression lines.
In this study, we used IL112, which showed high cold tolerance, as a donor, and mapped seven cold-tolerant QTLs using the F 2:3 population derived from the cross progeny of GC2 and IL112. Then expression profiles for IL112 and GC2 under cold conditions were created. Finally, by combining QTL-mapping and microarray analysis, we identified one candidate gene (LOC_Os07g22494) that had a high association with cold tolerance. The overexpression of the candidate gene could increase cold tolerance in rice early seedlings.
RESULTS

IL112 Cold Tolerance
In order to evaluate the cold tolerance of IL112 at the earlyseedling stage, several analyses on IL112 and GC2 were performed. The results showed that the GC2 early seedlings could not recover after the seedlings were grown at 4-5°C for 4 d. However, the IL112 early seedlings could survive 9 d of cold treatment ( Figure 1A ), but 40% died after 10 d of cold treatment. Furthermore, the fresh weights of 10 seedlings of IL112 were 11.6%, 10.7%, 27.4%, and 96.6% more than that of GC2 after 12, 36, 72, and 96 h, respectively, of treatment at 4-5°C and with 7 d of recovery. The fresh weight of GC2 became 0 because of their complete death after 120 h (5 d) treatment, while the fresh weight of IL112 seedlings was still 0.48 g ( Figure 1B ). No significant fresh-weight difference was observed between IL112 and GC2 under normal conditions ( Figure 1B ). These results indicated that IL112 was more coldtolerant than GC2 at the early-seedling stage.
QTL Analysis
In an attempt to map the QTLs for cold tolerance at the early-seedling stage, we crossed IL112 with GC2 and developed an F 2:3 population, which included 394 F 2 plants and 394 F 3 families that were derived from self-pollinated F 2 plants. Based on the survival seedling rate of the F 2:3 population and 176 polymorphic simple-sequence repeat (SSR) markers, putative QTLs were analyzed for cold tolerance at the earlyseedling stage. Seven cold-tolerant QTLs were detected on chromosomes 1, 2, 5, 6, 7, and 10 (Table 1 and Supplemental Figure 1 ). Each QTL could explain 8%~20% of total phenotypic variation. With the exception of qCST6, the additive effect of the other QTLs was positive, which suggested that the IL112-derived alleles could increase the cold tolerance of the population (Table 1) .
Exploring Candidate Genes Related to Cold Tolerance
In order to further explore the candidate genes related to cold tolerance, microarray hybridization analysis was performed using RNAs extracted from GC2 and IL112. The Affymetrix rice whole-genome array, containing 51 279 transcripts, was chosen. After 1 week's growth, the early seedlings were subjected to 4-5°C for 12 h and 36 h and the whole seedlings were then harvested. Seedlings grown under normal conditions were harvested at the same time and used as a control. Based on the results of the microarray, the expression patterns of all the genes were analyzed within the whole genome. As shown in Figure 2A , there were 2304 and 1937 probe sets showing expression changes between IL112 and GC2 under cold treatment and normal conditions, respectively. There were also 3700 probe sets changed in expression patterns between the normal and cold conditions in IL112. The Venn diagram shows that 139 probe sets (Supplemental Table 1 ) exhibited significant expression changes under all the above conditions.
To narrow down the number of target candidate genes, a comparative genomics approach was applied. A search was undertaken for genomic sequence variation in these 139 probe sets between Nipponbare (O. sativa ssp. japonica), which is considered to be similar to IL112, and 93-11 (O. sativa ssp. indica), which is similar to GC2. After genomic comparison, 19 of the 139 overlapped probe sets, which contained Insertion/Deletions (InDel) in genomic sequence between Nipponbare and 93-11, were obtained. These were selected for further study and corresponded to the 19 candidate genes (Supplemental Table 2 ).
After scanning the chromosomal regions covering the seven QTLs using TIGR (www.jcvi.org/), 3337 predicted genes were identified in these regions (Table 1) . By comparing them with the gene expression profiles ( Figure 2B ), it was found that seven genes found in the 19 original candidates were located in four QTLs regions. They were LOC_Os01g02080 (peptidyl-prolyl cis-trans-isomerase gene), LOC_Os01g02960 (hypothetical protein gene), LOC_Os01g08860 (heat shock protein gene), LOC_Os05g38740 (histone H4 gene), LOC_ Os07g22494 (expressed protein gene), LOC_Os10g36160 (lipid-transfer protein precursor gene), and LOC_Os10g38360 (Glutathione S-transferase gene). All seven genes were highly induced by cold treatment in IL112 and showed significant expression changes in different plant materials or under different conditions. For example, the expression level of LOC_ Os07g22494 in IL112 was 26 times more than that in GC2 under cold treatment (Supplemental Table 2 ). On the basis of these results, the seven top candidate genes were selected for further study.
Assessing the Microarray data
To confirm the differentially expressed candidate genes identified by the microarray analysis, 17 gene expressions (including the seven top candidate genes) were performed using qRT-PCR (qRT-PCR primers referenced in Supplemental Table 3 ). The qRT-PCR results were consistent with the microarray results (Supplemental Table 3 ), which suggested that the microarray data were reliable. For example, the expression profiles of four top candidate genes obtained by qRT-PCR (LOC_Os07g22494, LOC_Os10g38360, LOC_Os10g36160, and LOC_Os01g02960) were similar to those obtained using microarray ( Figure 2C ).
PCR Confirmation and Genome Sequencing for the Candidate Genes
To confirm the InDels of the seven candidate genes between IL112 and GC2, the possible InDel regions of these genes were compared by analyzing the genome sequence between Nipponbare (japonica) and 93-11 (indica). Then primers (Supplemental Table 4 ) were designed to amplify these genes using genomic DNA isolated from IL112 and GC2. The results showed that the same segments of three genes (LOC_Os01g02080, LOC_Os01g08860, and LOC_Os05g38740) were amplified from IL112 and GC2 (Supplemental Table 4 ). But a genomic region of four genes (LOC_Os01g02960, LOC_ Os07g22494, LOC_Os10g36160, and LOC_Os10g38360) could be amplified from IL112, but could not be amplified from GC2 ( Figure 2D ). The sequencing results also confirmed that the IL112 sequence was similar to that of Nipponbare and different from that of GC2. For example, the genomic sequences of the four genes are found deletions in their coding sequence (CDS) regions in GC2 (Supplemental Figure 2) , leading to the change of their protein sequences compared to IL112.
Functional Association Analysis for the Four Candidate Genes Region
To verify the functional association of the four genes, primer pairs for them were used to amplify the DNA extracted from each of the 394 F 2 plants derived from the cross between IL112 and GC2. The genotype of each F 2 plant was detected using PCR amplification by the primer P6, P12, P21, and P22 (Supplemental Table 4 ). The phenotype of 394 F 3 families was evaluated by the survival seedling rate of 5 d of cold treatment with 7 d of recovery in normal conditions. Based on the phenotype and genotype of the 394 F 2:3 families, a t-test was used to analyze the genotype versus phenotype association. The results suggested that the LOC_Os07g22494 gene of IL112 showed a high association with cold tolerance ( Figure 2E ), and could increase survival seedling rate by 14% of that of GC2. However, the genes, LOC_Os01g02960, LOC_ Os10g36160, and LOC_Os10g38360, had no significant association with cold tolerance ( Figure 2E ). Chr., chromosome; Add, additive effect; Dom, dominant effect.
Figure 2. Exploration and Confirmation of Cold-Related Genes. (A)
Exploring candidate genes in the whole rice genome. For 51 279 probe sets in the rice whole-genome chip, there were 2304 probe sets that showed different expressions between IL112 and GC2 under normal conditions (white circle), 1937 probe sets that showed different expression between IL112 and GC2 under cold conditions (black gray circle), and 3700 probe sets that showed different expression between cold treatment and control in IL112 (light gray circle). The candidate genes list was selected from the 139 overlapped genes based on the genome variation shown in the TIGR database (black circle). (B) Exploring candidate genes in the mapping regions. Within the 3337 genes from the mapped regions, there were 140 probe sets (132 predicted genes) changed in expression between IL112 and GC2 under control conditions (shown in white circle), 209 probe sets (199 predicted genes) that had changed in expression between IL112 and GC2 under cold treatment (shown in black gray circle), and 106 probe sets (101 predicted genes) that had shown different expression between IL112 and GC2 under both normal conditions and cold treatment. The top candidate genes list is located in the 106 overlapped genes based on the genome variation shown in the TIGR database (black circle).
(C) Confirmation of expression profiles for the four candidate genes (LOC_Os07g22494, LOC_Os10g38360, LOC_Os10g36160, and LOC_Os01g02960) by qRT-PCR. (d) Detection of genes region in IL112 and GC2 using the sequencing primer, respectively. Lane 1 and lane 2 was the PCR product using the DNA of GC2 and IL112 as template, respectively. a, b, c, and d are LOC_Os10g38360, LOC_Os10g36160, LOC_Os07g22494, and LOC_Os01g02960, respectively. The primers for a, b, c, and d were p22, p21, p12, and p6, respectively (primer sequence referenced in Supplemental Table 4) .
(E) T-test result between genes and cold tolerance. a, b, c, and d represent the genes LOC_Os10g38360, LOC_Os10g36160, LOC_Os07g22494, and LOC_Os01g02960, respectively. The gray bar represents the P-value for the single gene analysis.
In order to further validate the relationship between the key candidate gene (LOC_Os07g22494) and cold tolerance, the association between the genotypes at the locus and the cold-tolerance phenotype was investigated using 10 coldtolerant cultivars and 10 cold-susceptible cultivars identified from 125 rice cultivars and their survival seedling rate. The primer pairs (Supplemental Table 4 ) were used to amplify the gene fragment. The genomic DNA of the 20 selected cultivars was used as a template. The results showed that, in all the cold-tolerant cultivars, the same fragment could be amplified as in IL112. Among the 10 cold-susceptible cultivars, only two cultivars produced the same fragment as IL112 for the gene (Figure 3) . Furthermore, the regression analysis for phenotype versus genotype showed that the gene also had a significant association (P < 0.05) with cold tolerance at the early-seedling stage (phenotype and genotype for these cultivars referenced in Supplemental Table 5 ). Taken together, these results strongly suggested that LOC_Os07g22494 would be an ideal candidate gene for improving cold tolerance of rice at the early-seedlings stage.
Overexpression of the Key Gene, LOC_Os07g22494, Improved Cold Tolerance in Rice
To further explore the function of the key gene, LOC_ Os07g22494 (referred to as LTT7), in improving cold tolerance in rice, cDNA was introduced into rice plants under the control of a CaMV 35S promoter. Five independent transgenic plants (OE lines 1-5) were obtained and confirmed by hygromycin selection and PCR amplification. Transgenic lines of the T 1 progeny and untransformed Nipponbare control seedlings were grown for about 1 week and then exposed to low temperature (4-5°C) in order to investigate the cold tolerance of the transgenic lines. After 5 d of treatment at 4-5°C and 7 d of recovery under normal conditions, all the transgenic seedlings were green, recovered well, and were taller than the Nipponbare control seedlings, although Nipponbare did recover slightly under the same conditions ( Figure 4A ). Moreover, qRT-PCR analysis showed that the gene was expressed at a higher level in the transgenic lines compared to the Nippondare control seedlings ( Figure 4B ). To further validate the cold tolerance of the transformed plants, the seedlings of the transgenic plants from the T 2 progeny (three lines) and the Nippondare control seedlings were exposed to low temperature (4-5°C) for 5, 7, or 9 d. After 5 d of low-temperature treatment and 7 d of recovery under normal conditions, the three transgenic lines had recovered and were green. However, 50% of the Nipponbare seedlings died.
When the low-temperature treatment time was prolonged to 7 d, most of the seedlings from the three transgenic lines still grew normally, whereas all the Nipponbare seedlings died, even after being returned to normal conditions. After 9 d of low-temperature treatment, a proportion of the transgenic seedlings still survived and showed strong cold tolerance, which was similar to IL112 ( Figure 4C ). Additionally, comparison of the fresh weight, dry weight, and plant height of the transgenic lines and the control under low temperature also showed that the transgenic lines had stronger cold tolerance than did the control seedlings ( Figure 4D ). These results indicated that overexpression of the LTT7 gene could significantly increase cold tolerance in rice early seedlings.
Promoter Analysis of the Key Gene, LTT7
To further study the tissue specificity of LTT7 expression, a pLTT7:GUS fusion, driven by the native promoter of LTT7, was cloned into pCAMBIA1381, which was then transformed into the japonica cultivar Nipponbare and a total of 11 transgenic plants were generated (data not shown). The GUS expression was detected predominantly in the pistil, budburst, and stamen ( Figure 5A and 5B), but not in the roots of the early seedling, and in the leaves, sheaths, and stems at the heading stage. The results were confirmed by qRT-PCR ( Figure 5C ).
LTT7 May Mediate the DREB/CBF Pathway under Low-Temperature Stress
To explore the possible mechanism behind how the LTT7 gene improves cold tolerance, the transcripts of three DREB1 genes were further analyzed using qRT-PCR analysis. As shown in Figure 6 , the expression levels of the cold-related genes DREB1A, DREB1B, and DREB1C were higher in the overexpressing lines than that in the nontransgenic controls (Nipponbare) after cold treatment. Additionally, the mRNAs of other coldrelated genes, such as those encoding WRKY77, cytochrome P450, and glutamate decarboxylase, accumulated to a significantly higher degree in overexpression lines than they did in the control at 4-5°C. We speculate that, taken together, LTT7 may increase the cold tolerance of rice by mediating the DREB/CBF pathway under low-temperature stress.
dISCUSSIOn A new Platform that Combines Microarray and QTL-Mapping
It has been proposed that nucleotide sequence variation could potentially alter protein function and regulatory allelic variants could affect the level of gene expression and result in quantitative variants (Doebley and Lukens, 1998; Buckler and Thornsberry, 2002; Knight, 2004) . Arabidopsis and rice highthroughput expression profiling by microarray have been proven to be very successful in identifying stress-induced genes and networks that improve cold tolerance (Seki et al., 2002; Maruyama et al., 2004; Hannah et al., 2006; Rus et al., 2006) . In this study, Affymetrix whole-genome rice GeneChip was applied to generate expression profiles for IL112 and an indica cultivar (GC2) under cold stress. In addition, IL112 has been shown to be genetically similar to japonica in previous studies and GC2 has been shown to be similar to indica, so a decision was made to explore candidate genes from the QTL regions by GeneChip data mining and comparative genomics. By analyzing the expression profiles of genes on the whole genome and in the QTL regions using the whole rice genome microarray, together with analyzing the genome difference in the overlapped probe sets (Figure 2A and 2B) between Nipponbare (O. sativa ssp. japonica) and 93-11 (O. sativa ssp. indica), the candidates were reduced to seven genes located in QTL regions. These candidates then underwent further confirmation analyses. These were PCR confirmation, genome sequence, and genotype versus phenotype association analyses using F 2:3 populations. One gene, LTT7, was characterized and alleles coming from IL112 showed significant association with cold tolerance at the early-seedling stage. By further validating the relationship between the key candidate gene and cold tolerance using cold-tolerant and cold-susceptible cultivars, it was found that the LTT7 gene would be an ideal candidate for improving cold tolerance in rice cultivars. Therefore, a transformation was performed and the result showed that the overexpression in Nipponbare of the gene could increase the cold tolerance of rice. A new platform for fine-mapping was tested in this study, which combined traditional QTL-mapping, microarray expression profiling, comparative genomics, and function association. This approach has been shown to successfully enhance QTL-fine-mapping and candidate gene identification.
Compared to the approaches for identifying candidate genes using only traditional QTL-mapping or high-throughput expression profiling, this integrated approach takes less time, reduces labor costs, and increases the selection veracity of the target regions or candidate genes.
The results from this study indicated that the platform, an integrated strategy that combined QTL-mapping and microarray analysis, was very successful at identifying cold-tolerant genes. This strategy could be applied to the QTL fine-mapping of other abiotic stress traits.
In order to confirm that the strategy had been successful, we first characterized one gene (LTT7) in the QTL region related to cold tolerance at the early-seedling stage. Other cold-induced genes, such as expressed protein gene (LOC_ Os01g51670), AP2 domain gene (LOC_Os01g73770), woundinduced protein WI12 gene (LOC_Os03g18770), histone H4 gene (LOC_Os05g38740), Zinc finger gene (LOC_Os12g24490), small heat shock protein HSP17.8 gene (LOC_Os01g08860), dehydrin rab 16d gene (LOC_Os11g26750), phosphatidylinositol-4-phosphate 5-kinase gene (LOC_Os09g28060), and CCT motif family protein gene (LOC_Os10g41100), were not analyzed in this study. These genes were also induced by cold stress in IL112 or GC2 based on the microarray data and their expression profiles were confirmed by qRT-PCR analysis (Supplemental Table 3 ). Many previous studies have shown that they are related to abiotic or biotic stress, such as drought, low temperature, and pathogens, etc. (Robatzek and Somssich, 2001; Lee et al., 2004) . Further study of these genes should improve understanding of the mechanisms behind cold tolerance and therefore the gene's functions will be analyzed in the next study.
Implications of the Gene Associated with Cold Tolerance
After qRT-PCR validation, sequencing confirmation and genotype versus phenotype association, the LTT7 gene was identified as being associated with cold tolerance. In order to predict its functions, a total of 7836 probe sets that were either up-regulated or down-regulated by cold stress at least once in the microarray data were clustered using a hierarchical algorithm (GeneChip data for the cluster are shown in Supplemental Table 6 ). As Supplemental Figure 3 shows, LOC_Os07g22494 was clustered with the B3 DNA binding domain, the oxidoreductase NAD-binding domain, and the phosphorylase family, and had a correlation value of 0.9549 (Supplemental Figure 3) . In addition, promoter analysis for the clustered genes by SIFT software and PLACE showed the existence of cold stress-related cis-element MYCCONSENSUSAT 'EBOXBNNAPA' and other unknown motifs (Supplemental Table 7 ). Furthermore, the transgenic plants overexpressing the gene showed stronger cold tolerance than the control, Nipponbare (Figure 4) , which suggested that the gene could increase cold tolerance in rice at the early-seedling stage.
Several key genes, transcription factors, and signal transduction factors for cold stress were identified in Arabidopsis and rice (Chinnusamy et al., 2003; Zhang et al., 2004; Dai et al., 2007) . These achievements were very helpful in facilitating understanding of the genetic basis and molecular mechanisms behind cold tolerance in rice. However, it is also important to identify new genes for cold tolerance from rice in order to produce new commercial varieties. To date, there is little information available about the loci or genes for cold tolerance at the early-seedling stage in rice. In this study, identification and characterization of the LTT7 showed that it was highly associated with cold tolerance and this will be helpful in understanding the genetic and regulatory mechanism behind cold tolerance and, ultimately, in developing more cold-tolerant rice cultivars. In this study, only one key gene was validated, but, in future, other genes related to abiotic stress in rice will be analyzed by the new platform, which combines microarray, comparative genetics, QTL-mapping, and genotype versus phenotype association.
METHOdS
Plant Materials
The recurrent parent in this study was the indica cultivar, Guichao2 (GC2), a high-yielding and cold-susceptible indica cultivar grown in southern China. The cold-tolerant line, IL112, was crossed with GC2 to construct the F 2:3 population for QTL analysis of cold tolerance.
Phenotypic Evaluation
Seeds of rice were surface-sterilized in 5% sodium hypochlorite for 20 min, washed in distilled water four times, and then germinated on Whatman filter paper saturated with water for 1 d at 37°C. The seedlings were transferred to a greenhouse (28°C day/25°C night temperatures with a 12-h/12-h light/dark cycle, and 83% relative humidity). After about 1 week, 10 seedlings with a 5-mm budburst were selected and placed into glass tubes (5 cm in diameter, 12 cm in height) with hydroponic Whatman paper and subjected to 4-5°C in a low-temperature culture cabinet. Following treatment, they were allowed to recover for 7 d in the same greenhouse. The cold-tolerance evaluation experiments were repeated three times.
dnA Extraction and SSR Analysis
Fresh leaves were collected and ground in liquid nitrogen. DNA was extracted from the ground tissues by the CTAB (celytrimethyl ammonium bromide) method (Rogers and Bendich, 1998) . SSR primers were synthesized according to the sequences published by Cornell University, USA. The reaction mixture, with a total volume of 25 μl, was composed of 30 ng total DNA, 10 mmol Tris-HCl (pH 9.0), 50 mmol MgCl 2 , 0.1% Triton X-100, 2 µmol of each primer, and 1 Unit of Taq DNA polymerase (Promega). Amplification was performed using the following program: an initial denaturing step of 94°C for 5 min, followed by 35 cycles for 1 min at 94°C, 1 min at 55°C, 2 min at 72°C, and a final extension step of 72°C for 10 min. After denaturing, the PCR product was separated on 8% denatured polyacrylamide gels and the marker bands were revealed using the silver-staining protocol described by Panaud et al. (1996) .
QTL Analysis
The F 2:3 populations derived from GC2 and the cold-tolerant line, IL112, were genotyped using 176 polymorphic SSR markers for IL112 and GC2. Survival seedling rate after 5 d of cold treatment of all the families were evaluated at the early-seedling stage as described above. Based on the genotype and phenotype of 85 F 2:3 families that survived, putative QTLs were determined by interval mapping (IM) using MAP MANAGER software (Manly et al., 2001 ). The following parameters were selected for the IM analysis: the F 2 population structure, 1-cM intervals, and the Kosambi function. The significance thresholds for each trait were calculated based on permutation tests at an experiment significance level of P < 0.05 for the IM analyses. The experiment threshold corresponded to an average LOD ≥ 2.0, which was established by doing 10 000 permutations in 1-cM steps.
Stress Treatment
Rice seeds were treated as above and then germinated in a greenhouse (28°C day/25°C night temperatures, 12-h/12-h light/dark cycle and 83% relative humidity). About 1 week after germination, the early growth stage seedlings were subjected to temperatures of between 4°C and 5°C. Budburst and root tissues were harvested after 12 h and 36 h of stress treatment, respectively, frozen in liquid nitrogen, and stored at -80°C for further analysis. The control plants were also harvested at the same time as the stressed plants.
Affymetrix GeneChip Analysis
All the samples were homogenized in liquid nitrogen prior to RNA isolation. Total RNA was extracted using TRizol (Invitrogen) and purified using a Qiagen RNeasy kit. The methods used for cDNA and cRNA synthesis, cRNA fragmentation, microarray hybridization, washing and staining, and scanning followed the GeneChip ® Standard Protocol (Eukaryotic Target Preparation) were as described on the website (http://media. affymetrix.com/support/downloads/manuals/expression_ analysis_technical_manual.pdf). The information about the GeneChip ® Rice Genome Array (MAS 5.0) could be accessed from the Affymetrix website (http://www.affymetrix.com/ support/technical/datasheets/rice_datasheet.pdf). In this experiment, the Poly-A RNA Control Kit and the One-Cycle cDNA Synthesis kit were used. For Affymetrix GeneChip analysis, 8 μg of total RNA from each sample was used to make the biotin-labeled cRNA target. Affymetrix-developed GCOS software was used for data collection and normalization. The overall intensity of the probe sets for each array was scaled to 500 and the hybridization intensities of the arrays were made equivalent. Each probe set was assigned as either 'P', 'A', or 'M' and also given a p-value using an algorithm in GCOS. The log 2 -transformed signal ratio of each gene was calculated using the GCOS baseline tool and a twofold change was used indicate a significant change.
Reverse Transcription and qRT-PCR Analysis
Reverse transcription was performed using M-MLV (Invitrogen, CA, USA). This analysis involved heating 10-µl samples, containing total RNA (2 µg) and random hexamers (Invitrogen) at 70°C for 10 min to denature the RNA, and then chilling them on ice for 2 min. Reaction buffer was then added, together with M-MLV (Invitrogen), to make a total volume of 20 µl, which contained: 500 µM dNTPs, 50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl 2 , 5 mM dithiothreitol, 200 U of M-MLV, and 0.1 µg µl -1 of random hexamers. The samples were heated to 42°C for 1.5 h, after which the cDNA samples were diluted to 8 ng µl . Triplicate quantitative assays were performed on 1 µl of each cDNA dilution using the SYBR Green Master Mix (Applied Biosystems, PN 4309155) with an ABI 7900 sequence detection system, according to the manufacture's protocol (Applied Biosystems). The gene-specific primers were designed using PRIMEREXPRESS software (Applied Biosystems).
The amplification of 18S rRNA was used as an internal control to normalize all the data (forward primer, 5'-CGGCTACCACATCCAAGGAA-3'; reverse primer, 5'-TGTCACTACCTCCCCGTGTCA-3'). The gene-specific primers are listed in Supplemental Table 3 . The relative quantification method (DDCT) was used to evaluate quantitative variation between the replicates examined.
Plasmid Construct and Transformation
To produce overexpression in the rice plants, a construct, with the CaMV 35S promoter driving the candidate gene, LOC_Os07g22494, was developed. RT-PCR was used to amplify its cDNA containing the CDS sequence from IL112 seedlings treated for 12 h at 4-5°C. The primers used were 5'-CGGGGTACCCCGCCCCTTCTCTTCCCTCTCC-3' and 5'-CGAGCTCGGCAATGCCAATCTCATAGACA-3'. The PCR products were digested with restriction enzymes KpnI and SacI, and cloned into a binary vector.
To make the LTT7 promoter-GUS gene fusion construct, a 1962-bp genomic DNA fragment of the 5' upstream region of LTT7 from IL112 was amplified by PCR using primers T7GUSF (5'-AACTGCAG gttcctggggcagaatgtta-3') and T7GUSR (5'-TCCCCCGGG gcctggctgtggagtgtagt-3').
These constructs were introduced into the japonica rice cultivar, Nipponbare, using particle gun transformation as reported previously (Dai et al., 2001 ).
GUS Staining
In order to detect GUS expression, GUS staining of early seedlings and other tissues from transgenic plants harboring the pLTT7:GUS construct was performed as previously described (Fujino et al., 2008) .
Promoter Analysis
MEME/MAST system analysis (http://meme.sdsc.edu/meme/ meme.html) and PLACE (http://www.dna.affrc.go.jp/PLACE/) analyses used 1000-bp regions located upstream of the start codons for genes that were of interest. Sequence logos for cis-acting regulatory elements were created using weblogo (http://weblogo.berkeley.edu/logo.cgi).
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Supplementary Data are available at Molecular Plant Online.
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